The bactericidal effect of polymyxin B upon two Pseudomonas aeruginosa strains and two Escherichia coli strains was studied as a function of the concentration of the divalent cations Ca2+ and Mg&+. Lipid spherules in aqueous suspension (lipo-somes) were prepared from the bacterial phospholipids and were examined for the release of trapped glucose induced by polymyxin B under similar conditions of divalent cation concentration. In contrast to the bacteria, which were protected markedly from the bactericidal action of polymyxin B by Ca2+ or Mg2+ at concentrations of 2 X 10-M or less, neither cation had any protective effect on bacterial liposomes at concentrations up to 2 X 102 M. These observations suggest that divalent cations antagonize the bactericidal effect of polymyxin B indirectly through interaction with the cell wall rather than at the primary membrane locus of action. The interaction of the divalent cations with the cell wall prevents access of the antibiotic to the cytoplasmic membrane by mechanisms that remain unclear.
The polymyxins are a group of basic polypeptides derived from Bacillus polymyxa. They have a wide bactericidal spectrum of activity against gram-negative bacilli and are often used clinically in treating infections, including those caused by Pseudomonas organisms which are resistant to most other antibiotics. The lethal site of action of the polymyxins appears to be the cytoplasmic membrane (15) , although some confusion exists on this score because the antibiotic binds to and causes biological changes in the cell wall (11, 13, 18) .
Davis et al. (6) recently confirmed an earlier observation by Newton (14) that Ca2+ (and Mg2+ in the case of Newton) antagonizes the bactericidal effect of the polymyxins on P. aeruginosa. The mechanism of the antagonism has not been defined clearly. There appear to be two possibilities. The divalent cations may compete directly with polymyxin B for the lethal sites of action on the cytoplasmic membrane. Alternatively, increasing divalent cation concentrations may alter the bacterial cell wall so as to decrease the access of polymyxin B to the primary bactericidal site at the cytoplasmic membrane. To distinguish between these two mechanisms, we have examined the effect of Ca2+ and Mge concentration on polymyxin B action in intact bacteria and in a model membrane system prepared from the bacterial phospholipids. The model membrane system employed was lipid spherules in aqueous suspension, or liposomes. Kinsky and his co-workers (10) described a convenient system in which measurement of the release of trapped glucose can be used to measure disruption of the model membrane by various agents.
The studies reported in this paper show that divalent cations effectively antagonize polymyxin B action on P. aeruginosa and Escherichia coli while having no effect on polymyxin B disruption ofthe model membranes. The implications ofthese findings are discussed. 1 hr. Glucose not associated with the liposomes (the untrapped "marker") was removed by passing the suspension through a Sephadex G-75 column (2 g, packed in 0.15 M NaCl). The final liposome preparation contained 1.5 ,umoles of phosphorus/ml of saline. Total phosphorus was determined by the method of Bartlett (2) .
To examine the effect of divalent cations, 0. Na2Mg ethylenediaminetetraacetic acid (EDTA) but not Na2Ca EDTA. The data shown in Table 2 demonstrate that in both a rough and a smooth E. coli strain Ca2+ and Mg2+ were also effective in reversing the polymyxin B bactericidal activity. There were some quantitative differences, however, and E. coli 200P was protected less well than E. coli 0111: B4; Mg2+ protected less well than Ca^+. At 2 X 10-2 M, however, both organisms seemed completely protected under these conditions. These results were not expected, because Davis and his collaborators described the effect of Ca'+ as specific in the sense that it did not significantly inhibit the effect of polymyxin B on E. coli, Klebsiella species, or Proteus species. The reason for the discrepancy in results is not clear, although our experiments were done under quite different conditions, including a preincubation with cation and a shorter exposure to polymyxin B. In addition, we found that Proteus species were uniformly resistant to polymyxin B actions, even in the absence of divalent cations, and the phenomenon could not be examined in this organism.
Effect of Ca2+ and Mg2+ on liposomes. In a previous study reported from this laboratory, we examined liposome susceptibility to polymyxin B with trapped 42K used as the marker molecule. The system described by Kinsky et al. (10) in which trapped glucose is used, is more convenient and was employed in these studies. Bacteria are devoid of membrane sterols. In the preparation of the liposomes, cholesterol was incorporated at one-half the molar concentration of phospholipid phosphorus. The sterol resulted in more stable liposomes, whereas preliminary experiments showed it to have no influence on the action of the polymyxins.
As shown in Table 3 aeruginiosa strain 2 (Pseudomonas liposome). The polymyxin effect was measured by the release of trapped glucose marker from liposomes as described in Materials and Methods. I The 100% control in each case was with the designated polymyxin B concentration and no divalent cation. The total amount of glucose trapped was determined by adding 0.1 ml of liposome preparation to 0.1 ml of 10% Triton X-100, heating in a boiling-water bath for a few seconds, and assaying the amount of glucose released. Over 75% of total trapped glucose was released by polymyxin B at 5 ,g/ml and over 85% was released by 40 ,ug/ml in all of the experiments reported.
may limit the efficacy of the drug in vivo. The thrust of the work reported here is to determine the locus on the bacterial cell of the inhibitory effect of the divalent cations on polymyxin B action.
During the 1950's the work of Newton led to the essential aspects of our present understanding of the action of polymyxin B. His relevant conclusions are summarized as follows: (i) the bactericidal activity of polymyxin B results from a disorganization of the cell envelope which leads to irreversible breakdown of the cell permeability barriers; (ii) the polymyxin binding loci of the cell surface may be polyphosphates, probably phospholipids; and (iii) the cations block binding of the antibiotic rather than forming inactive chelates. Although many workers have subsequently added details to these speculations, the actual molecular mechanism of the lethal action of polymyxin B remains obscure.
Recent work by Teuber (19) and from this laboratory (17) has elucidated, in part, the nature of the resistance of some gram-negative bacilli, such as Proteus species, to the polymyxins. Both groups, using different kinds of data, concluded that the cell walls of these bacteria prevent access of the antibiotic to sensitive sites of the cytoplasmic membrane. This type of resistance must be differentiated from inherent resistance of the cytoplasmic membrane to disruption by polymyxin B; this latter phenomenon accounts for the resistance of most mammalian cells to the antibiotic and is responsible for the selective toxicity of polymyxin B in vivo. Our data, to be reported elsewhere (in preparation) show that the membrane phospholipid composition, in large measure, can determine the sensitivity of this membrane to polymyxin B. Since these two types of resistance to polymyxin B are quite distinct, the observed inhibitory action of divalent cations could be at the cell wall locus preventing access of the antibiotic to the membrane or at the primary cytoplasmic membrane locus blocking the lethal effect. Since liposomes are good models in which to examine the effect of membrane-active antibiotics such as polymyxin B (9, 16), our data strongly suggest that the antagonistic effect of divalent cations arises from their "enforcement" of cell wall structure, preventing access, and thus contact, of the antibiotic with the cytoplasmic membrane.
There can be no doubt that divalent cations are important in the structure of the cell wall of bacteria, especially gram-negative bacilli. Chelation of divalent cations with EDTA can cause major disorganization of the cell surface of E. coli, with loss of lipopolysaccharide and altered permeability properties (3, 7, 8, 12) . Similarly, studies have shown the major role that divalent cations play in the cell wall integrity of P. aeruginosa (1) . In one case, EDTA was shown to potentiate the polymyxin B effect against a Pseudomonas strain, and this effect was blocked by the presence of Mg2+ or Ca2+ ions (20) .
Polymyxin B, with its free y-amino groups, is expected to interact with the anionic sites on the bacterial cell wall, such as phosphate, pyrophosphate, and carboxyl. Thus, the basis for the antagonism between divalent cations and polymyxin B which is demonstrated by the results in Tables  1 and 2 ing possibilities: (i) that divalent cations and polymyxin B bind the same anionic sites competitively with different dissociation constants, and cell wall binding of the antibiotic is necessary for its penetration to the membrane, or (ii) that the binding of divalent cations to cell wall anionic sites results in local structural or geographical changes that hinder the approach of the polymyxin B molecule.
The failure of divalent cations in protecting bacterial liposomes (Table 3 ) may be explained by the interesting observations of Clarke and coworkers (4, 5). Studying complex formation between glucose-l-phosphate and divalent cations in detail, they showed that the divalent form of glucose-l-phosphate interacts strongly with Mg2+ and Ca2+, whereas the monovalent form does not.
Since the phosphate in phospholipid is a phosphodiester or monovalent form, one might not expect effective interaction between divalent cations and the liposomes. On the other hand, carboxyl or pyrophosphate groups present in the lipopolysaccharide of the cell wall may be loci for firm binding of the divalent cations.
